Coffee is the most commonly used stimulant and caffeine is its main psychoactive ingredient. The heritability of coffee consumption has been estimated at around 50%. We performed a meta-analysis of four genome-wide association studies of coffee consumption among coffee drinkers from Iceland (n 5 2680), the Netherlands (n 5 2791), the Sorbs Slavonic population isolate in Germany (n 5 771) and the USA (n 5 369) using both directly genotyped and imputed single nucleotide polymorphisms (SNPs) (2.5 million SNPs). SNPs at the two most significant loci were also genotyped in a sample set from Iceland (n 5 2430) and a Danish sample set consisting of pregnant women (n 5 1620). Combining all data, two sequence variants significantly associated with increased coffee consumption: rs2472297-T located between CYP1A1 and CYP1A2 at 15q24 (P 5 5.4 . 10 214 ) and rs6968865-T near aryl hydrocarbon receptor (AHR) at 7p21 (P 5 2.3 . 10 211 ). An effect of ∼0.2 cups a day per allele was observed for both SNPs. CYP1A2 is the main caffeine metabolizing enzyme and is also involved in drug metabolism. AHR detects xenobiotics, such as polycyclic aryl hydrocarbons found in roasted coffee, and induces transcription of CYP1A1 and CYP1A2. The association of these SNPs with coffee consumption was present in both smokers and nonsmokers. * To whom correspondence should be addressed. Tel: +354 5702371; Fax: +354 5701903; Email: patrick.sulem@decode.is † These authors contributed equally to this work.
INTRODUCTION
Coffee is the most commonly used stimulant and caffeine is its main psychoactive ingredient (1) . In many western countries, coffee is the main source of caffeine intake (1) . Coffee tolerance and coffee withdrawal syndromes are common and linked to the antagonist effect of caffeine on the adenosine receptor (2) . The effects of coffee consumption on health have not been firmly established. An increased risk of spontaneous abortion (3), cardiovascular disease (1), hypertension (4) and cancer (1) have been suggested, but also decreased risk of type 2 diabetes (1), Alzheimer's disease (5) and suicide (6) . Twin studies have consistently estimated the heritability of coffee consumption to be 50% (7 -9) .
RESULTS
We performed a meta-analysis of genome-wide association studies of coffee consumption among coffee drinkers from four populations of European descent; from Iceland (n ¼ 2680), the Netherlands (n ¼ 2791), the Sorbs Slavonic population isolate in Germany (n ¼ 771) and the USA (n ¼ 369) (see Materials and Methods and Supplementary Material, Fig. S1 ). A total of 2.5 million single nucleotide polymorphisms (SNPs) were analyzed, most through imputations based on the HapMap CEU samples (10) . SNPs showing suggestive association (P , 10
24
) with coffee consumption are listed in Supplementary Material, Table S1 (QQ-plot Table S1 ). Additionally, suggestive association was observed between increased coffee consumption and a variant, rs6968865-T, at 7p21.
We followed these associations up by genotyping rs2472297 and rs6968865 in a second Icelandic sample set (n ¼ 2430) and a Danish sample set consisting of pregnant women (n ¼ 1620). The association of both SNPs with increased coffee consumption was nominally significant in the combined follow-up sample sets (P ¼ 5.0 . 10 25 for rs2472297 and P ¼ 1.4 . 10 26 for rs6968865). Combining the genome-wide and follow-up sample sets (n ¼ 10 661), the association of both SNPs satisfied our threshold for genomewide significant association (Table 1) .
No interaction effect between either rs2472297 or rs6968865 and sex was observed on coffee consumption among the Icelandic and Dutch sample sets (P ¼ 0.47 for rs2472297 and P ¼ 0.21 for rs6968865,). Also, rs2472297-T and rs6968865-T did not predispose to drinking coffee, per se, in the combined Iceland, Dutch and Danish sample sets (n drinkers ¼ 7940, n non-drinkers ¼ 956, P ¼ 0.63 for rs2472297 and P ¼ 0.85 for rs6968865).
Cup size, coffee bean types and caffeine concentration vary between countries making effect size estimates somewhat difficult to compare. Despite these differences, the effect estimates obtained here for both SNPs are rather similar in all five populations tested, at around 0.2 cups a day per allele. Transforming the effect within each population to fractions of standard deviations of the sex-adjusted coffee consumption within that population, we estimate that the fraction of the variance of coffee consumption explained by rs2472297 and rs6968865 to be 0.55 and 0.46%, respectively, or 1.0% combined. Assuming comparable effects between study groups, a significant population heterogeneity was observed for rs6968865 (P ¼ 0.022, I 2 ¼ 61.4%), but not for rs2472297 (P ¼ 0.58, I
2 ¼ 0%). For rs6968865, the lowest effect was observed in the Sorbs [0.02 cups per allele, 95% confidence interval (CI): (20.11, 0.15)] where rs6968865 was imputed from chip genotypes (info ¼ 0.45) and the highest effect was observed in the Icelandic follow-up population [0.32 cups per allele, 95% CI: (0.20, 0.45)] where the SNP was genotyped directly.
The SNP rs2472297 is located at 15q24 between CYP1A1 and CYP1A2 in a gene-rich region of relatively low recombination rate (Fig. 1) . Of the four phase II HapMap population samples, the T allele of rs2472297 is only present in the European CEU samples (10) . None of the other SNPs in the region remained significantly associated with coffee consumption after accounting for the effect of rs2472297-T (Fig. 1 ). CYP1A1 and CYP1A2 are oriented head to head and separated by 23 kb. CYP1A1 is involved in the metabolic activation of aromatic hydrocarbons. It is a homolog of CYP1A2 and the two are thought to be co-regulated; however, a role for CYP1A1 in caffeine metabolism has not been established. CYP1A2 is a major hepatic enzyme that accounts for 8 -15% of the total P450 content (11) , is the main caffeine metabolism enzyme and is involved in the metabolism of widely used drugs (12) .
The SNP rs6968865 is located within a linkage disequilibrium (LD) block of 240 kb on 7p15 (Fig. 1) . AHR, the gene encoding the aryl hydrocarbon receptor (AHR), is the only gene located within this LD block. AHR plays a central role in xenobiotic metabolism and induces members of the CYP1 family of genes (CYP1A1, CYP1A2 and CYP1B1) (13, 14) . A complex, including AHR, binds to a dioxin responsive element (DRE) resulting in transcriptional activation and the interval between CYP1A1 and CYP1A2 contains 13 such elements (Fig. 2) (13) .
Caffeine clearance is induced by cigarette smoking and increases with the quantity of cigarettes smoked (15) (16) (17) . Information on whether the individual had ever smoked cigarettes (smoking initiation) and on the number cigarettes smoked per day was available for a subset of the Icelandic (n ¼ 2582) and Dutch (n ¼ 2875) sample sets. Smoking initiation and coffee drinking were correlated in both populations (correlation ¼ 0. 13 212 in the Netherlands). Stratifying on smoking status, we tested the association of rs2472297-T and rs6968865-T with coffee consumption (Supplementary Mate rial, Fig. S3 ). A significant association was observed in both smokers (n ¼ 3513, P ¼ 1.9 . 10 26 for rs2472297 and P ¼ 0.00063 for rs6968865) and non-smokers (n ¼ 1209, P ¼ 0.00089 for rs2472297 and P ¼ 0.00046 for rs6968865). No significant difference was observed in the association of either SNP with coffee consumption between smokers and nonsmokers (P ¼ 0.83 for rs2472297-T and P ¼ 0.66 for rs6968865-T). A sequence variant, rs1051730-A, near CHRNA5 was previously associated with smoking quantity (18, 19) . We tested the association of this variant in the present genome-wide coffee consumption scan data and found nominally significant association of the allele associating with more cigarettes per day with greater coffee consumption (P ¼ 0.0030). This is consistent with rs1051730-A having a role in inducing caffeine clearance through increased smoking quantity.
Two correlated SNPs in the region around CYP1A2 were recently associated with blood pressure and hypertension: rs1378942 and rs6495122 [D ′ ¼ 0.96 and r 2 ¼ 0.64 in the HapMap CEU samples (10)] (20, 21) . As these phenotypes may be influenced by coffee consumption, we postulated that these SNPs might have an effect on coffee intake. The SNP rs1378942 was not in strong LD with our coffee consumption associating SNPs (Supplementary Material, Table S2 ). rs1378942 was present in our genome-wide scan and its C allele, which associates with higher blood pressure and increased risk of hypertension, associates with decreased coffee consumption in our data (P ¼ 0.0016). This association does not remain significant after adjusting for rs2472297 in the Icelandic and Dutch genome-wide sample sets (P . 0.11).
There is a large degree of inter-individual variability of CYP1A2 enzymatic activity and drug metabolism (12) , and the half-life of caffeine varies substantially between individuals (3-11 h). Determination of caffeine clearance is the most common method for CYP1A2 phenotyping (12) . The variant CYP1A2 * 1F (rs762551) has been suggested to correlate with increased CYP1A2 enzymatic activity in smokers (15) . CYP1A2 * 1F associates nominally with increased coffee consumption in our genomewide scan data (P ¼ 0.0080), but this association does not remain significant after adjusting for rs2472297 in the Icelandic and Dutch genome-wide sample sets (P ¼ 0.21). Conversely, the association of rs2472297 with coffee consumption remained highly significant after adjusting for CYP1A2 * 1F.
DISCUSSION
We have described sequence variants associating with coffee consumption at CYP1A1 -CYP1A2 and at AHR, genes that encode members of the same biochemical pathway. AHR is known to induce CYP1A1 and CYP1A2 by binding to the DNA in the region between those two genes. Heavy coffee Figure 2 . A schematic overview of the induction of CYP1A1 and CYP1A2 by the xenobiotic-AHR complex. The complex of AHR, ARNT (AHR nuclear translocator) and a xenobiotic substance, such as polycyclic aromatic hydrocarbons, binds to the DNA at the DRE and induces the transcription of CYP1A1 and CYP1A2. Results are given for the four genome-wide association sample sets and two follow-up sample sets. Shown are the number of coffee drinkers (n), fraction of coffee drinkers that are males (male), their mean age and standard deviation (age and SD), the fraction of the individuals queried that are coffee drinkers (drink coffee), the mean and SD of the coffee consumption in cups per day for males and females (consumption and SD), the allele frequencies (freq), the estimated allelic effects on coffee consumption and its 95% CI in cups per day (effect and 95% CI), the P-value for the test of association (P-value) and the SNP genotyping imputation information (Gtd for directly genotyped SNPs). * P-values were combined using the weighted z-scores.
consumers have higher CYP1A2 activity than those using less coffee (16, 17) . Low CYP1A2 activity has been associated with higher caffeine toxicity (22) . It is possible that rs2472297-T and rs6968865-T allow people to consume more coffee through greater clearance of caffeine due to higher CYP1A1 or CYP1A2 enzymatic activity, but this remains to be proven experimentally.
MATERIALS AND METHODS

Iceland
The data on self-reported coffee consumption were collected from 5975 Icelanders through a questionnaire and 5110 of these classified themselves as coffee drinkers. The question asked was: 'How much coffee (with caffeine) do you usually drink?' and four answers were allowed [none/almost none; 1 -7 cups or glasses a week (0.8 in regression analysis); 2-3 cups or glasses/day (2.5 in regression analysis); 4 or more cups or glasses/day (6 in regression analysis)]. The questionnaire data were collected in studies of breast cancer (n ¼ 4418), skin cancers (n ¼ 1499), restless leg syndrome (n ¼ 1280) and ankolysing spondylitis (n ¼ 202), with some individuals participating in more than one project. For individuals participating many times, the maximum reported coffee consumption was used. Out of the 5110 coffee drinkers, 2680 have been genotyped on a chip containing the Illumina 317K set of SNPs in one of several genome-wide association studies conducted by deCODE Genetics. The remaining 2430 Icelandic coffee drinkers, who had not been chip genotyped, were then genotyped for follow up using a single-track assay (Nanogen-Centaurus). The Icelandic cigarette smoking data have been described previously (19) . These studies were approved by the Data Protection Commission of Iceland and the National Bioethics Committee of Iceland. Written informed consent was obtained from all participants. Personal identifiers associated with phenotypic information and blood samples were encrypted using a third-party encryption system as previously described.
The Netherlands
Participants come from two sources previously used in genome-wide association scan for bladder cancer (23) . The first set was recruited from Dutch bladder cancer patients recruited in 2007 from the population-based cancer registry held by the Comprehensive Cancer Centre East in Nijmegen. The cases were diagnosed between 1995 and 2006. Informed consent was obtained for the collection of questionnaire data on lifestyle, medical history and family history, the collection of two 10 ml blood samples, linkage to population and disease registries (cancer registry, mortality registry, hospital information systems and the Dutch demographic register). Two coffee consumption questions were answered by 1083 individuals, 1071 of which stated that they drink more than one cup of coffee a month. The questions asked were:
'How frequently, until 2 years before the diagnosis of cancer, did you consume coffee?' and five answers were allowed [never/ less than 1 cup per month; 1 -3 cups per month (0.07 in regression analysis); 1 cup per week (0.14 in regression analysis); 2 -4 cups per week (0.43 in regression analysis); 5 -6 cups per week (0.79 in regression analysis); 1 or more cups per day]. The individuals answering '1 or more cups per day' were then asked: 'How many cups of coffee per day?' and the answer used in regression analysis. For those reporting drinking more than eight cups of coffee per day, a value of eight cups a day was used in the regression analysis.
The second set came from the Nijmegen Biomedical Study, which is a survey of the general population performed in 2002 -2003 by the Radboud University Nijmegen Medical Centre. This survey was based on an age-stratified random sample of the population of Nijmegen. Genotype data were available for 1798 of these individuals, 1720 of which stated they drink coffee when asked the following two questions: 'Do you drink coffee?' and for the coffee drinkers: 'How many cups of coffee do you drink per day?', with four answers being allowed [1 -2 cups (1.5 in regression analysis); 3 -5 cups (4 in regression analysis); 6-8 cups (7 in regression analysis); 8 or more cups (8 in regression analysis)]. Similar informed consent as described above was obtained from these individuals and all individuals were fully informed about the goals and the procedures of the studies. All study protocols were approved by the Institutional Review Board of the Radboud University Nijmegen Medical Centre.
The Dutch cigarette smoking data have been described previously (19) .
The USA Subjects consisted of families identified between 1983 and 2006 from probands with a coronary disease before 60 years of age. This ongoing prospective family study was designed to determine the environmental and genetic causes of premature chronic and cardiovascular diseases. Probands with documented coronary artery disease (CAD) before the age of 60 were identified at the time of hospitalization in any of 10 Baltimore area hospitals. Their apparently healthy 30-to 59-year-old siblings without known CAD were recruited. In 2002, adult offspring over 21 years of age of all participating siblings and probands were recruited and underwent risk factor measurement and phenotypic characterization. In addition, the spouse was recruited for all participants for which at least one offspring was recruited.
The coffee consumption was assessed through Block Health Habits and History Questionnaire or Block Food Questionnaire.
Between 1991 and 1996, the data were collected using the Block Health Habits and History Questionnaire using the following questions on regular (caffeinated) coffee: 'How often do you usually drink Coffee, not decaffeinated?', 'Check whether your usual serving size is small, medium or large'. Between 1998 and 2003, the data were collected using the Block Food Questionnaire using the following questions on regular (caffeinated) coffee: 'How often do you drink?' with nine allowed answers (never few/year; once/month; 2 -3 times/month; once/week; twice/week; 3 -4 times/week; 5 -6 times/week; every day) and for the individuals drinking coffee every day four answers were allowed (1 cup; 2 cups;
Sorbs
All subjects are part of a sample from an extensively phenotyped isolated population from Eastern Germany, the Sorbs. The Sorbs are of Slavonic origin, and have lived in ethnic isolation among the Germanic majority during the past 1100 years. Today, the Sorbian speaking, Catholic minority comprises 15 000 full-blooded Sorbs resident in about 10 villages in rural Upper Lusatia (Oberlausitz), Eastern Saxony. At present, .1000 Sorbian individuals are enrolled in the study. Nine hundred and thirteen subjects (540 females and 373 males) had available phenotypic information for the present analysis. Coffee consumption was assessed by two questions: 'Do you drink coffee regularly? (Yes/ No)' and 'If yes, how many cups per day on average?' Four answers were allowed: 1 cup cups (1 in regression analysis); 2 cups (2 in regression analysis); 3 -4 cups (3.5 in regression analysis); more than 4 cups (6 in regression analysis). Information on quantitative coffee consumption was available for 771 individuals. The study was approved by the ethics committee of the University of Leipzig, and all subjects gave written informed consent before taking part in the study.
Denmark
The Danish National Birth Cohort (DNBC) is a populationbased cohort of 101 042 pregnancies, recruited in the years 1996 -2002. All participating women underwent thorough phenotype characterization based on information from four computer-assisted telephone interviews conducted during pregnancy and after delivery. The data were available for 2841 women, 1620 of which stated that they drink coffee. Their coffee consumption was ascertained in an interview with the question 'How many cups of coffee do you drink per day?' asked at the 12th and 30th weeks of pregnancy, and the maximum reported coffee consumption was used. For women reporting drinking more than five cups of coffee per day, a value of five cups a day was used in the regression analysis.
Genome-wide genotyping
The Icelandic and Dutch were assayed with the Illumina HumanHap300 or HumanHapCNV370 bead chips (Illumina, SanDiego, CA, USA). The US samples were genotyped on the Illumina Human1M chip. SNPs were excluded if they had (a) yield ,95%, (b) minor allele frequency ,1% in the population, or (c) showed significant deviation from Hardy -Weinberg equilibrium in the controls (P , 0.001). Any samples with a call rate below 98% were excluded from the analysis.
The Sorbs were assayed with the 500K Affymetrix GeneChip (250K Sty and 250K Nsp arrays, Affymetrix, Inc, n ¼ 526) and Affymetrix Genome-Wide Human SNP Array 6.0 (n ¼ 494) at the Microarray Core Facility of the Interdisciplinary Centre for Clinical Research, University of Leipzig, Germany and ATLAS Biolabs GmbH, Berlin, Germany. Genotypes were called using BRLMM algorithm (Affymetrix, Inc) for 500K and Birdseed Algorithm for Genome-Wide Human SNP Array 6.0. The quality control criteria for the genotyping data were as follows: sample call rate .94%, ethnic outliers, duplicates, gender mismatch; 941 subjects passing the genotyping QC criteria were used.
Single SNP genotyping
Single SNP genotyping for all samples was carried out at deCODE Genetics in Reykjavik, Iceland, applying the same platform to all populations studied. All single SNP genotyping was carried out using the Centaurus (Nanogen) platform (24) . The quality of each Centaurus SNP assay was evaluated by genotyping each assay on the CEU samples and comparing the results with the HapMap data (10). All assays had mismatch rate ,0.5%. Additionally, all markers were re-genotyped on .10% of samples typed with the Illumina platform resulting in an observed mismatch in ,0.5% of samples.
SNP imputation
SNP imputation was based on the Phase II CEU HapMap samples (10) . Genotypes were imputed for a total of 2.5 million SNPs using the IMPUTE software (25) .
Association analysis
For the quantitative trait association analysis, i.e. coffee consumption measured in cups per day and smoking quantity measured in cigarettes per day, a classical linear regression, using the genotype as an additive covariate (or expected allele count for imputed SNPs) and the coffee consumption in cups per day as a response, was fit to test for association. An additive model for SNP effects was assumed in all instances. All associations with quantitative traits were performed adjusting for sex and age. The association analysis was performed using SNPTEST in the Sorbs data set (25) . Regression analysis was also performed using the expected allele count of rs2472297-T as a covariate, in order to test for additional associations with coffee consumption.
Since the scale of coffee consumption is not uniform across populations, combined significance levels were calculated by weighing z-scores by the inverse of the square root of each study's effective sample size.
For case control association analysis, i.e. drinking versus not drinking coffee, we utilized a standard likelihood ratio statistic, implemented in the NEMO software (26) to calculate two-sided P-values for each individual allele, assuming a multiplicative model for risk, i.e. that the risk of the two alleles a person carries multiplies (27) .
Correction for relatedness of the subjects and genomic control
We estimated an inflation factor for each genome-wide association scan by calculating the average of the 2 528 522 chi-square statistics, which is a method of genomic control (28) to adjust for both relatedness and potential population stratification. The inflation factor for coffee consumption was estimated as 1.05, 1.01, 1.04 and 1.02 in Iceland, the Netherlands, the USA and Germany, respectively, and all the results presented from association with these traits were adjusted based on these inflation factors.
Fraction of variance explained
The fraction of variance explained by each SNP was estimated using the formula: 2 f (1 -f ) b 2 , where f is the frequency of
